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Abstract 
 
Plasmonic metasurfaces have been employed for tuning and controlling light enabling various novel 
applications. Their appeal is enhanced with the incorporation of an active element with the metasurfaces 
paving the way for dynamic control. In this letter, we realize a dynamic polarization state generator using 
graphene-integrated anisotropic metasurface (GIAM), where a linear incidence polarization is controllably 
converted into an elliptical one. The anisotropic metasurface leads to an intrinsic polarization conversion 
when illuminated with non-orthogonal incident polarization. Additionally, the single-layer graphene allows 
us to tune the phase and intensity of the reflected light on the application of a gate voltage, enabling dynamic 
polarization control. The stokes polarization parameters of the reflected light are measured using rotating 
polarizer method and it is demonstrated that a large change in the ellipticity as well as orientation angle can 
be induced by this device. We also provide experimental evidence that the titl angle can change independent 
of the ellipticity going from positive values to nearly zero to negative values while ellipticity is constant.   
 
Introduction 
 
Manipulation and control of light is of extreme importance both for understanding fundamental physics as 
well as development of applied devices (1). Recently, metasurfaces (2D array of sub-wavelength plasmonic 
structures) have been developed for controlling the various properties of light like intensity, phase, 
polarization etc. (2,3,4,5). The choice of the unit cell as well as the lattice arrangement can be used for defining 
and controlling the functionality of the metasurface. In most cases, this flexibility renders the metasurfaces 
superior to conventional optical elements. One of the areas that metasurfaces have prooved useful in 
polarization tuning. Polarization conversion is instrumental to crucial optical applications such as 
ellipsometry, polarimetry (6), optical sensing (7) and polarization-devision multiplexing (8) which have 
superior performance compared to convensional methods of material characterization (9) and 
tellecommunication (10). This goal can be achieved by employing anisotropic metasurfaces. It has been shown 
that anisotropic metasurfaces can convert polarization of light from linear to circular (11,12,13,14,15,16), rotate 
linearly polarized light (17,18,19) and induce asymmetric tranmission (20). However, most of the studies that 
employed metasurfaces that are ‘passive’, i.e., once fabricated their properties can not be tuned or controlled. 
To circumvent this problem, ‘active’ devices are in high demand where the optical property can be tuned 
dynamically (5,21,22,23,24,25,26,27). The most common approaches for active tuning have been based on 
mechanical (28,29,30,31) or electrical stimululation (22,32). Amongst these, electrical modulation seems to 
allow a better speed of modulation as well as flexibility in device fabrication. At the forefront of electrical 
tuning, involves incorporating a material that is sensitive to electrical voltage and in this respect graphene is 
one of the best possibilities currently available (5,21,22,24). Such graphene integrated metasurfaces have been 
used for modulating the intensity as well as the phase of the reflected light (21,22,24,25,26). In fact, we recently 
showed that such a phase modulating device could be used as motion detector with high accuracy (26). In this 
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paper, we show that polarization can also be controlled dynamically using a graphene integrated anisotropic 
metasurface (GIAM) device. A linearly polarized incident light is converted into an elliptical polarization on 
reflection from the anisotropic metasurface. Furthermore, applying a gate voltage to graphene allows us to 
control the ellipticity of the reflected light. We experimentally measure the stokes parameters of the reflected 
light at different gate voltage to verify this effect.  
 
The concept used in this paper is shown in Fig. 1, where a graphene-integrated metasurface turns the 
polazation-state from linear (incident) to elliptical (reflected). A gate voltage is applied between a silicon back-
gate and graphene to tune the ellipticity of the reflected wave.  
 
 
 
Figure 1: Schemetic of the graphene-integrated metasurface device that converts linearly polarized incident light to 
elliptically polarized reflected light. The device can dynamically tune the ellipticity of the reflected wave by changing a 
gate-voltage applied between silicon back gate and graphene. 
 
 
One possibility for inducing such a change in polarization state is via the use of anisotropic metasurfaces. The 
anisotropic metasurface is resonant for a given incident polarization and non-resonant for the orthogonal 
polarization at a given wavelength. We used a Fano-resonant plasmonic metasurface shown in Fig. 1(a) that 
enhances the electromagnetic field for Y-polarization. The origin of the enhancement is the Fano interference 
between the broadband response of the wire and the C-shaped dipole (33). At the resonance frequency, the  
near-fields are enhanced by   |  
     
 ⁄ | and an anti-symmetric current flows in the wire and the antenna as 
shown in Fig. 1(a). The destructive interference between these current results in a reflectivity minimum at 
        .  
  
The measured reflectivity from the metasurface for Y-polarized incidence is shown in Fig. 2(c) for three 
different gate voltages. At the charge-neutrality point (CNP) of graphene, a reflectivity minima is observed at 
          which is a manifestation of the Fano-resonance as discussed previously. As the gate-voltage 
increases, the carrier concentration of graphene:         , where c  is the capacitance per area of the SiO2 
spacer and            where             for our sample. This in turn increases the Fermi energy level 
of graphene        √  , where        
       is the Fermi velocity. As the Fermi energy increases, 
graphene behaves increasingly inductive, that gives rise to a blue-shifting of the resonance frequency as 
shown in Fig. 2(c) where the measured reflectivity     for 3 different Fermi energies are depicted. As     
increases from            at the CNP to             at Vg=250 V, the resonance wavelengh blueshifts from 
          to           which is around      shift. The Fermi level     also determines the wavelength-
dependent optical conductivity            of graphene that we use in our simulations. The simulation results 
for     shown in Fig. 2(d) is in good agreement with the measured reflectivity of Fig. 2(c). The measured and 
simulated     are also demonstrated in Fig. 2(e),(f) which confirm that our metasurface is optically non-
resonant for X-polarization at the wavelengths range of our interest. The small feature at        in Fig. 2(e) 
is due to the the epsilon near zero (ENZ) effect that originates from longitudinal phonon polariton of SiO2 
(34,35). This effect is only excited by components of electric field that are normal to the substrate(    which are 
present in our experiment due to the large numerical aperture of our objective (NA=0.5). However our 
simulation is performed for normal incidence, thereby the ENZ feature is not present in the results as shown 
in Fig. 2(f). In a previous publication, we utilized an interferometric setup to experimentally measure the 
phase modulation for both X and Y polarized incident light (26). It was shown that the phase change as a 
function of gate voltage is considerable only for the light polarized along the dipole structure(Y). In this paper, 
we use this tunable ansiotropy to induce and measure a change in ellipticity of the light reflected from the 
metasurface.  
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Figure 2: (a) The unit cell of the plasmonic metasurface with the defined structure dimensions (Left). Top right: the 
current density profile 5 nm above the graphene plane. Bottom right: near-field enhancement   |  
     
 ⁄ | at     
surface. The field enhancement and current profiles are plotted at the resonance frequency. (b) The SEM picture of the 
fabricated metasurface. The black scale-bar is      in size.  (c) The measured reflectivity     spectra for different gate 
voltages. The legend lists the gate voltages that were applied and their corresponding Fermi energy levels. (d) The 
simulated reflectivity     for the Fermi levels listed in (c). (e)The measured     for the Fermi energies listed in the 
legend. (f) The simulated    for the Fermi levels listed in (e). The structure dimensions in (a) are the following: The 
periodicity of the metasurface in both directions is equal to and             . The width of all nanowires are  
      . Other dimensions:                             . 
 
 
In order to measure the ellipticity of the reflected light, i.e. measure the stokes parameters, we use a rotating 
analyzer setup shown in Fig. 3(a). The setup consists of a quantum cascade laser source of light, a polarizer,  a 
     beam-splitter, a graphene-integrated metasurface sample biased with a DC gate-voltage, an analyzer and 
a MCT detector. The polarization state of light after reflection from the metasurface can be described by 
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where       and   are the electric field amplitude, inverse tangent of amplitude ratios of Ey and Ex and the 
phase difference between    and   , respectively. The time-averaged intensity of the analyzed signal 
measured at the detector then can be explained as:  
 
                
 
 
  
           
       
      
    
 
 
                                (2) 
 
where    is the analyzer angle. We set the polarizer angle at        which is the angle that results in equal 
component of X and Y polarized intensity  of the reflected light at the resonance wavelength        . We 
measured the reflection intensity as a function of wavelength by changing the analyzer angle from     o to 
     o in steps of     o as shown in Fig. 3(b). A subsequent least-square fitting of equation (2) to the 
measured data of Fig. 3(b) at a given wavelength determines the fitting parameters       and  . It is then 
straight forward to calculate the complex electric field of the detected signal from equation (1). The 
polarization state of the light can subsequently be expressed in terms of stokes parameters    |  | 
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The normalized values of stokes parameters 
  
  
, 
  
  
 and 
  
  
 extracted by the fitting procedure are represented in 
Fig. 4(a) with dashed, dotted and solid lines, respectively.  The lines are color-coded according to the legend in 
Fig. 4(c) and similar to Fig. 2. A non-zero    indicates an elliptical polarization of the reflected light which is 
expected due to the anisotropy of the metasurface. The ellipticity is changing as a function of the gate voltage 
e.g. at           tagged by the magenta dashed line,       for zero gate-voltage        which means the 
light is nearly circularly polarized. For the other two voltages,           and         , light will have 
elliptical polarization with different ellipticities.  
 
 
 
Figure 3: (a) The schematic for the stokes polarimetry setup consisting of an optical source, a beam splitter 
(BS), an infrared MCT detector, two linear polarizers: one after the source and one before the detector that is 
used as an analyzer of the polarization state. A graphene-integrated metasurface device that can alter the 
polarization state of the incident light by applying a gate voltage    is incorporated into the setup. (b) The 
reflectivity  as a function of wavelength for different analyzer angles when the structure is illuminated with 
light polarized at P=750.  
 
 
Figure 4(c) shows the polarization ellipses at            for the three different gate voltages. Polarization 
ellipse, as schematically shown in Fig. 4(b), is characterized by its ellipticity 
 
 
 and tilt angle  , where a and b 
are the semi-major axis and semi-minor respectively and           ⁄ . As the gate voltage increases from 
          to       , the polarization state changes from elliptical with ellipticity of 
 
 
     to almost 
circular (
 
 
  ) as shown by the blue circle. Further increasing the gate voltage from        to          the 
ellipticity increases from 1 to 4.5. The polarization ellipse at the gate voltage of          has a larger tilte 
angle of        compared to           with        .  
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At another interesting wavelength of           tagged by the green dashed line in Fig 4(a), the third 
component of normalized stockes parameters 
  
  
 are identical for the three gate voltages rendering equal 
ellipticity. As the voltage increases from           to          the polarization ellipse rotates clockwise 
and the tilt angle changes sign as it goes from      to        as depicted in Fig 4(d). At        the tilt 
angle is small:      . Therefore the tilt angle is changing while ellipticity is kept constant. Such independent 
modulation of tilt angle from ellipticity, can be useful in polarization-devision multiplexing (36).    
 
 
 
Figure 4: (a) Measured and (b) simulated determined stokes parameters of the reflected light as a function of wavelength. 
(c) and (d) The polarization ellipses at            and           for three different gate voltages.  
 
 
To confirm the experimentally measured stokes parameters, we performed numerical simulations to evaluate 
the ellipiticity of the light reflected from the metasurface when illuminated at normal incidence and with light 
polarized along       . The calculated stokes parameters as a function of wavelength are shown in Fig. 4(b) 
which is in good agreement with the measured results of Fig 4(a).   
 
Conclusions 
 
In this paper, we provided experimental evidence for active modulation of polarization-state of light reflected 
from a graphene integrated anisotropic metasurface. The rotating analyzer approach was used to 
experimentally determine the stokes parameters of the reflected light. Polarization ellipses drawn at 
representative wavelengths for the different gate voltages clearly show that we are able to controllably change 
the polarization state of the light from linear to elliptical or circular. In general, it is shown that both the tilt 
angle and ellipticity can be changed on applying a gate voltage. Furthermore, it is shown that the polarization 
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ellipse can rotated from 1st to the 4th quadrant while keeping its ellipticity constant.  This modulation of tilt 
angle, independent of the ellipticity, can be used for polarization encoding of light and could be instrumental 
for improving the telecommunication bandwidth.  
 
Methods 
 
Optical simulations: We used a commercial finite elements solver COMSOL Multiphysics version 4.3b to 
simulate the reflectivity of the sample. To model SLG, a surface current (37)             was defined where 
   is the tangential electric field on the SLG plane and       is the optical conductivity of graphene that was 
calculated from random-phase approximation (38):  
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Where    is the Boltzmann constant. In our calculation, we assumed room temperature (       ) and the 
carrier scattering time of         was used.  
 
Sample fabrication: SLG was grown on polycrystalline Cu foil using a CVD technique (39) and then transferred 
(40) onto a commercially purchased Si/SiO2 substrate (University Wafer) with      oxide layer grown on 
lightly doped silicon. Elecon-beam patterning followed by an oxygen plasma cleaning step isolated the high-
quality graphene regions. The anisotropic metasurface with unit cell of Fig. 2(a) was fabricated by e-beam 
lithography on top of SLG in area of              . The thickness of the metasurface was 30 nm (5 nm of 
Cr and 25 nm of Au). Source and drain contacts of 100 nm thick (15 nm Cr + 85 nm Au) were deposited on top 
of graphene on the two sides of the metasurface samples. Finally, a metallic contact (15 nm Ni+85 nm Au) was 
deposited on the back of the silicon sample for gating. Wirebonding of the contacts to a chip-carrier concluded 
the fabrication.  
 
Reflection measurement: The setup shown in Fig. 3(a) was used to measure the optical reflectivity of the sample. 
The source was a quantum cascade laser (Daylight solution, MIRcat-1400) operated in pulsed mode with the 
pulse repetitions rate of         and the pulse duration of       . A ZnSe objective lens with high numerical 
aperture (NA=0.5) was utilized to focus the laser light onto the metasurface. A liquid-nitrogen-cooled 
mercury-cadmium-telluride (MCT) detector measured the intensity of the signal. The measured signal was 
utilized for the measurements of signal intensity. A lock-in amplifier (Stanford research systems SR844) was 
used to amplify the measured signal with a 3 ms integration time.  
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